The extended-synaptotagmins (tricalbins in yeast) derive their name from their partial domain structure similarity to the synaptotagmins, which are characterized by an N-terminal membrane anchor and cytosolically exposed C2 domains.
Introduction
The discovery of synaptotagmin as an intrinsic synaptic vesicle membrane protein containing cytoplasmic Ca 2+ -binding C2 domains first suggested that this protein might be responsible for the Ca 2+ -dependent exocytosis of synaptic vesicles [1, 2] . Subsequent studies provided evidence for this hypothesis, identified numerous synaptotagmin paralogues and implicated this protein family in Ca 2+ -dependent exocytosis in a wide variety of animal cells and organisms [3, 4] . Synaptotagmins, however, are not present in yeast, nor in any other fungi or plants. All organisms of these kingdoms, however, express a class of closely related proteins, the extended-synaptotagmins (E-Syts), also known as tricalbins in yeast [5] [6] [7] [8] . The E-Syts share a similar domain organization with bona fide synaptotagmin, but contain an additional domain, the Synaptotagmin-like, Mitochondrial and lipid-binding Protein (SMP) domain, and have a different subcellular localization and function: they are resident proteins of the endoplasmic reticulum (ER), and they mediate contacts, but not fusion, of ER membrane with the plasma membrane (PM) [5, 8, 9] . Thus, the E-Syts seem to have a more general function than the synaptotagmins in cell physiology. Here we briefly summarize their properties and what is known about their function in cell physiology.
E-Syts function as ER-PM tethers
Synaptotagmins are a family of intrinsic membrane proteins concentrated on secretory vesicles, including synaptic vesicles. They comprise a N-terminal transmembrane domain (with the N-terminus in the vesicle lumen) and two cytosolic C2 domains [1, 10] . They are present in all animals and human and mice express 16 synaptotagmin isoforms (Syt1-16) [11] , which are encoded by different genes and are differentially expressed in different tissues with highest enrichment in the nervous system. C2 domains of some, but not all, synaptotagmins bind Ca 2+ [12, 13] and interact with membrane phospholipids upon elevation of cytosolic Ca 2+ [1] . These synaptotagmins are thought to function as the primary Ca 2+ sensors for Ca 2+ -dependent exocytosis mediated by SNARE proteins [4, 14] . Lack of synaptotagmins in fungi and plants correlates with the absence of classical Ca 2+ -triggered exocytosis in cells of these organisms. Therefore, it would appear that synaptotagmins have emerged during evolution in parallel with Ca 2+ -triggered exocytosis, specifically in animal lineages [15] .
The tricalbin/E-Syts, like bona fide synaptotagmins, are anchored to the membranes that host them via their N-terminal region and have the bulk of the protein localized in the cytosolic space [6, 8] . However, their insertion into the membrane occurs via an hydrophobic hairpin, rather than via a transmembrane segment, so that their N-terminus is also cytosolically exposed [8] . Additionally, while bona fide synaptotagmins exit the ER, the E-Syts are retained in the ER and are resident proteins of this organelle [8] . Downstream of the hairpin of E-Syts are in sequence, the SMP domain, which is followed by a variable number of C2 domains [7] (Figure 1a ,b). Yeast expresses three tricalbins (TCB1, TCB2 and TCB3), which have 4 or 5 C2 domains [6, 16] . Mammals also express three E-Syts (E-Syt1, E-Syt2 and E-Syt3) ( Figure 1a ) [7] . E-Syt2 and E-Syt3 have 3 C2 domains with two closely juxtaposed C2 domains organized in tandem (C2A and C2B), followed by a C-terminal C2C domain. E-Syt1 has 5 C2 domains due to the additional presence, between the C2A-C2B domain pair and the C-terminal C2 domain (C2E), of a C2 domain doublet (C2C-C2D) that most likely originated by duplication of the C2A-C2B domain pair ( Figure 1a) [7, 16, 17] . Drosophila and C. elegans only express one E-Syt [17] . Tricalbins/E-Syts occur as homoand heterodimers due to dimerization of their SMP domains [8, 9] . They tether the ER to the PM via C2 domain-dependent interaction with PM phospholipids, in particular via an interaction of their positively charged C-terminal C2 domain with PI(4,5)P 2 , a phosphoinositide that is enriched in this membrane [8] (Figure 1a Yeast tricalbins are selectively concentrated in the peripheral portion of the yeast ER that is apposed to the PM, also known as cortical ER, and contribute to staple it constitutively to the PM [5, 6] . In the mammalian E-Syt1 the interaction with the PM is enhanced by binding of Ca 2+ to its central C2C domain. Thus, the fraction of E-Syt1 present throughout the ER or concentrated at ER-PM contacts in the cortical ER is controlled by cytosolic Ca 2+ [8, 18, 19 ]. E-Syt2 and E-Syt3 mediate constitutive ER-PM tethering and are selectively concentrated in the cortical ER if expressed alone. As E-Syts form a heteromeric complex, E-Syts-dependent ER-PM contacts are regulated by both cytosolic Ca2+ and PM PI(4,5)P 2 [8, 18, 20] ( Figure 1b ).
Based on an assay involving semi-intact cells, the Ca 2+ concentration required for E-Syt1-recruitment to the PM is in low micromolar Ca 2+ range, similar to the concentration required for the interaction of bona fide synaptotagmins with the PM [18] . Accordingly, E-Syt1 accumulation at ER-PM contacts in intact cells occurred upon experimental conditions that lead to these high levels of Ca 2+ , but not upon manipulation resulting in release of Ca 2+ from the ER [18] . These high levels of Ca 2+ can be achieved by the activation of Ca 2+ influx from extracellular media, such as Store-Operated Ca 2+ Entry (SOCE) in all cells or membrane depolarization in neurons and neuroendocrine cells [18] . However, E-Sytsdependent contacts are not required for SOCE as reducing the levels of their expression did not affect this process [8] . Thus, ER-PM contacts mediated by E-Syts are functionally distinct from those mediated by the ER protein STIM and the PM protein Orai, which are key players in SOCE [8, [21] [22] [23] . Notably, STIM and Orai are not present in yeast and plant, while these organisms express E-Syts, further emphasizing the unrelated functions of ER-PM tethering mechanisms that control SOCE and those mediated by the E-Syts. However, E-Syts and Stim1-Orai share at least partially the same contact sites [8] , suggesting the possible occurrence of constitutive ER-PM tethers where regulated ER-PM tethers differentially accumulate depending upon the functional state of the cell.
As ER proteins, including the E-Syts, diffuse in the ER membrane, they are expected to randomly visit areas of close appositions between the ER and the PM. Thus, they can be trapped there under conditions that favor their binding "in trans" to the PM.
Lipid transport properties of the E-Syts
The presence of an SMP domain within the tricalbin/E-Syts is a defining element of this protein family. The predicted similarity of the SMP domain to lipid harboring protein modules of the TULIP (tubular lipid-binding) superfamily was the first clue suggesting a role in lipid binding and transport of the E-Syts [9, 24, 25] . A lipid transport function of the E-Syts was further supported by the localization at contacts between intracellular membranes not only of the tricalbin/E-Syts, but also of other known proteins with SMP domains [5] , as membrane contacts are sites where lipid transfer between bilayers independent of membrane fusion can occur [26, 27] . A crystallographic study of the SMP domain of E-Syt2 confirmed its assignment to the TULIP domain superfamily, demonstrated its property to harbor lipids and revealed the structural basis of such binding [9] . The SMP domain has a β-barrel structure and dimerizes in an anti-parallel fashion to form a cylinder (~9 nm long) traversed by a deep hydrophobic groove [9] (Figure 1c ). Mass spectrometry analysis of the lipids harbored by the SMP domain of E-Syt2 expressed and purified from mammalian cells demonstrated the presence of glycerolipids, without selectivity for specific head groups [9] . Similar lipid-harboring properties were reported for the SMP domains of a protein complex that localizes at ER-mitochondria contact sites, the endoplasmic reticulum (ER)-mitochondria encounter structure (ERMES) complex [28, 29] . The lack of selectivity against specific glycerolipid headgroups is in good agreement with the solved structure of the SMP domain where acyl chains of glycerolipids lie in its hydrophobic channel while their headgroups are exposed to the solvent [9] (Figure 1c) .
In vitro analysis of the lipid transport properties of E-Syt1 showed that E-Syts could indeed transport glycerolipids between membrane bilayers (without bilayer fusion or hemifusion) regardless of their head groups, including diacylglycerol (DAG) [30, 31] . Transport was bidirectional, driven by the concentration gradient of the lipid in the membranes and stimulated by micromolar concentration of Ca 2+ [30] . Importantly, deletion of the SMP domain completely abolished lipid transport properties. Further, amino acid mutations in the SMP domain expected to impair lipid-insertion in the hydrophobic groove strongly impaired the lipid transport ability of E-Syt1 without impairing its membrane tethering properties [30, 31] . Although bona fide synaptotagmin1 (Syt1) alone only tethered artificial membranes without mediating lipid transport, a soluble chimeric Syt1 protein where the transmembrane region of wild type Syt1 was replaced by the SMP domain of E-Syt1 could transport lipids [31] . Therefore, the SMP domain is necessary and sufficient for lipid transport, while the C2 domains mediate lipid tethering.
E-Syt1-dependent lipid transport was strongly stimulated by the presence of micromolar Ca 2+ concentrations [30] , i.e. the same Ca2+ concentrations required for its recruitment to the PM [18] . Further supporting the role of Ca 2+ in this process, mutations in the Ca 2+ -binding site of the C2C domain of E-Syt1, i.e. the C2 domain responsible for Ca 2+ -dependent interaction with the PM, strongly reduced lipid transfer activity [31] . Thus, a major role of Ca 2+ may be to mediate membrane tethering which is a prerequisite for lipid transport. However, additional roles of Ca 2+ , for example in controlling intra-molecular interactions that affect lipid transport may be considered. In this context it is of interest to note that while E-Syt2 and E-Syt3 do not contain the tandem C2C-C2D domains of E-Syt1, where the main Ca 2+ binding site of E-Syt1 resides (in the C2C domain), all three mammalian E-Syts possess Ca 2+ binding sites in their C2A domain [7, 8, [31] [32] [33] . Collectively, these studies suggest that a function of the E-Syts is to mediate regulated lipid transfer between the ER and the PM independent of vesicular traffic [30, 31] .
A role of the E-Syts in the control of PM lipid homeostasis
Changes in PM lipid composition need to be reset to normal levels after acute perturbations. The transient recruitment to the PM of the E-Syts in response to experimental manipulations that elevate cytosolic Ca 2+ raises the possibility that the E-Syts might participate in this homeostatic response. For example, stimulation of phospholipase C-dependent PI(4,5)P 2 hydrolysis by activation of PM receptors or by Ca 2+ ionophore (e.g. ionomycin) results in the generation of DAG which transiently accumulates in the PM bilayer. At least a pool of this DAG is rapidly metabolized to phosphatidic acid (PA), which is transported to the ER for metabolic recycling by another lipid transport protein, Nir2 [34, 35] . However, genome-edited cells lacking E-Syts exhibit enhanced/sustained accumulation of DAG in the PM following PI(4,5)P 2 hydrolysis and re-expression of E-Syt1, but not of mutant E-Syt1 lacking the SMP domain, rescues this phenotype [30] . An attractive possibility is that the E-Syts may be part of the homeostatic response by transferring excess DAG from the PM to the ER for its metabolic recycling ( Figure 1d ).
Open questions
The strong evolutionary conservation of E-Syts from yeast to plants and animals, including humans, indicates important functions of these proteins in eukaryotes.
In mammals, E-Syts have broad tissue distribution [36] . Surprisingly, their absence does not have a major disrupting effect on cellular life, as tricalbin triple knockout yeast cells and E-Syt triple knockout mammalian cells are viable [5, 6, 30] . Additionally, mutant mice lacking all the three E-Syts develop normally, are viable and fertile [36, 37] . Thus, while it was reported that E-Syt2 is required for rapid endocytosis and signaling of growth factor receptors, including Fibroblast Growth Factor (FGF) receptor, such role is clearly dispensable in live animals [38] [39] [40] . Interestingly, however, tricalbin deficient yeast cells exhibit enhanced fragility upon heat-induced PM damage [41] , and plant cells lacking E-Syt homologs show reduced tolerance to freezing [42, 43] and mechanical stress [44] .
These findings suggest that absence of these proteins lead to altered biophysical properties of the PM, possibly as a result of an abnormal lipid composition of this membrane. Lack of major phenotypes in cells and multicellular organisms where E-Syt function has been disrupted may be due, at least partially, to redundant roles of this protein family with other proteins that transfer lipids between the ER and the PM and /or to bypass of protein-mediated lipid transport by vesicular transport. As the E-Syts are expressed at particularly high concentration in some mammalian tissues, for example in the immune system and lungs, studies of these systems may help provide insights into the impact of their function(s) in physiology.
Finally, mammalian organisms express several membrane proteins with multiple C2 domains, including Ferlins and MCTPs (multiple C2-domain transmembrane proteins) [10] . At least some of such proteins were proposed to participate in Ca 2+ triggered exocytosis of secretory vesicles [45] [46] [47] . The realization that at least one class of such proteins, the E-Syts, are not, directly, implicated in this process raise the possibility that functions of multiple C2 domain containing membrane proteins may be more heterogeneous than anticipated. 
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